Ecological theory that predicts the effects of resource availability on species interactions has 14 been explored across a range of systems. Yet, application of this theory to communities of host-15 associated pathogens has been limited. Host resources and diet can impact disease severity and 16 prevalence, and these resource effects on disease may be mediated by pathogen-pathogen 17 interactions within hosts infected with multiple pathogens. As with free-living organisms, 18 pathogen species can alter each other's population growth rates, population densities, and 19 transmission to new hosts through facilitative or antagonistic processes. We used a model grass-20 virus system (Barley and Cereal Yellow Dwarf Viruses) to test the hypothesis that host nutrition 21 can constrain virus-virus interactions by simultaneously determining both within-host density 22 and transmission to new hosts. Hosts (oats) were grown in growth chambers with different 23 concentrations of soil nitrogen (N) and phosphorus (P) and infected with one or both viruses (i.e., 24 coinfection). We quantified the impacts of nutrient addition on virus-virus interactions through 25 within-host density (i.e., the concentration of viruses in a plant) and transmission to new hosts. 26
2 2010), and the resources consumed by hosts, i.e., host nutrition, is an important mediator of 48 resource supply to these organisms (Smith et al. 2005) . Over 20 year ago, Smith and Holt (1996) 49 used resource-competition theory to explore the effects of resource supply rate on pathogen-50 pathogen interactions, but there have been few empirical extensions since the publication of this 51 seminal work (but see Chant and Gbaja 1985 , Lacroix et al. 2014 , Wale et al. 2017a , 52 2017b ). In addition, theory in disease ecology has focused on among-host transmission and host 53 population dynamics and typically assumes that within-host processes reach an instantaneous 54 equilibrium (Keeling and Rohani 2008). Recently, Strauss et al. (2019) developed a 55 metacommunity model that combines the within-host pathogen dynamics explored by Smith and 56 Holt (1996) with an iconic two-pathogen, disease-ecology model (May and Nowak 1994) and 57 demonstrated that within-host pathogen-pathogen interactions can have strong effects on 58 pathogen dynamics at the host population scale. Here, we experimentally tested the effects of 59 N and P concentrations. The single-stranded RNA viruses are persistently transmitted by grass-117 feeding aphids and the two virus species we used in this study, BYDV-PAV (PAV, hereafter) 118 and CYDV-RPV (RPV, hereafter) can both be vectored by the aphid species Rhopalosiphum 119 padi (D'Arcy and Burnett 1995) . We maintained cultures of PAV and RPV in Avena sativa L. 120 cv. Coast Black Oat (National plant germplasm system, USDA) by transferring R. padi aphids 121 between infected and healthy A. sativa every three weeks (Methods S1 Table S2 . 142
We inoculated the first set of plants ("source plants") ten to eleven days post planting 143 with PAV, RPV, or both using ten aphids per plant that fed on our virus cultures (PAV: five 144 aphids carrying PAV, five mock-inoculated; RPV: five carrying RPV, five mock-inoculated; 145 both: five carrying PAV, five carrying RPV, Methods S1). We destructively harvested the source 146 plants at eight different days post inoculation (DPI): 5, 8, 12, 16, 19, 22, 26, or 29 days. We 147 weighed the stems and leaves and stored approximately 60% of the tissue at -80 o C and used the 148 rest to measure transmission to four "receiving plants" grown in each of the four nutrient 149 treatments (Methods S1). The receiving plants were harvested 14-15 DPI and all of the stem and 150 leaf tissue was stored at -80 o C. On the first harvesting day, source plants weighed 0.16 g ± 0.006 151 g (1 s.e., n = 79, fresh wet weight) and had, on average, two leaves. By the final harvesting day, 152 they weighed 0.34 g ± 0.006 g (1 s.e., n = 92, fresh wet weight) and had, on average, three 153
leaves. 154
To quantify virus densities (number of viruses per mg plant) in source plants, we first 155 extracted the total RNA from approximately 50 mg of thawed plant tissue from the portion 156 stored at -80 o C. We then used one-step reverse transcription-quantitative polymerase chain 157 reaction to obtain estimates of the number of copies of PAV and RPV RNA within each sample 158 (RT-qPCR, see Methods S2 and Table S3 for more details). Virus densities greater than zero and 159 quantified by RT-qPCR methods were considered indicators of successful infection. We used 160 indicate which plant the nutrient treatment was applied to, and density was centered and scaled. 179
RT-PCR and gel electrophoresis to test the transmission success of receiving plants (see Lacroix
Harvesting day and experimental block were included as crossed random effects. We used data 180 from a previous experiment that measured PAV and RPV densities and transmission under 181 almost identical laboratory conditions to inform the priors for the density and transmission 182 models (Table S4, three harvesting days, especially for RPV ( Fig. 1A, B ). The following results are consistent 194 whether or not the first two harvesting days are included in the analysis (Fig. S3 ). Here, we 195 present results from the full dataset (Table S4) Coinfection had a slightly positive effect on RPV density when plants were grown with 204 low nutrients (increased 32.5%, 95% HDI: -45.2%, 123%), but the largest effect was with N 205 addition (density increased 112%, 95% HDI: -31.6%, 280%; Fig. 1D ). P addition led to a slightly 206 negative impact of coinfection on RPV density (-24.8%, 95% HDI: -73.0%, 39.4%). 207
Simultaneous N and P addition increased RPV density in both single and coinfection. However, 208 this effect was driven by P in single infection and N in coinfection. The effects of co-inoculation 209 on RPV infection mirrored the impacts of coinfection on RPV density (Fig. S2D ). 210
The probability of transmission tended to increase over the first three harvesting days for 211 both viruses (Fig. 3A, B) . A notable exception, however, is RPV transmission from singly 212 infected plants, which took up to five harvesting days to increase (Fig. 3B ). Despite the similarity 213 in these trends to patterns of virus density (Fig. 1A, B ), the relationship between within-host 214 density and transmission was weak for PAV ( Fig. 4A ). RPV transmission, however, increased 215 with within-host density (Fig. 4B) . 216
Nutrient addition to the source plant, especially N, tended to increase PAV transmission 217 from singly-infected plants (Fig. 3B ). However, coinfection decreased PAV transmission by up 218 to 34.5% when the source plant received N addition (95% HDI: -58.0%, -11.7%). Coinfection 219 had a slightly positive effect on PAV transmission when the receiving plant was grown with 220 elevated P, increasing the transmission rate by up to 30.0% (95% HDI: 3.7%, 56.6%), but this 221 was primarily driven by decreased single infection transmission rather than increased coinfection 222 transmission. 223
Coinfection had a large positive effect on RPV transmission, increasing it by up to 69.6% 224 (95% HDI: 54.1%, 83.4%; source plant = N + P, receiving plant = P, Fig. 3D ). In general, P 225 addition to the source plant increased transmission from coinfected, but not singly infected plants 226 (Fig. 3D) . Similarly, nutrient addition to the receiving plants increased RPV transmission from 227 coinfected plants but decreased it from singly infected plants (Fig. 3D) . 228 elevated resources due to lower intensity of competition, or more negative interactions with 248 elevated resources due to loss of niche dimensionality (Tilman 1982). We found evidence for 249 resource competition between PAV and RPV. In all cases, RPV had a negative effect on PAV 250 (infection, density, and transmission; Fig. 5 ). Adding nutrients tended to decrease PAV density 251 in and transmission from coinfected hosts, suggesting that PAV may be a superior competitor for 252 N and P and that adding these resources removed its competitive advantage (Tilman 1982, 253 Harpole et al. 2016). A major constraint to attributing resource competition to these effects is 254 that N and P did not seem to be strongly limiting resources for the viruses in our experiment; 255 elevated nutrients did not enhance virus densities in singly-inoculated plants except in the case of 256 P addition for RPV. In contrast to our hypothesis, resource competition was not the dominant 257 force structuring virus-virus interactions because the observed antagonistic interactions may be 258 explained by other processes and resource-mediated facilitation was pervasive (Fig. 5) . 259
Mechanisms other than resource competition may be appropriate for describing nutrient- Nutrient-mediated, virus-virus interactions had differential effects on two closely related 293 viruses, and these effects changed during the two phases of infection that we examined (within-294 host interactions and transmission). The metacommunity framework is a useful starting point to 295 understand disease dynamics, where hosts serve as patches, within-host density is analogous to 296 within-patch population density, and transmission is analogous to dispersal (May and Nowak 297 1994, Borer et al. 2016 ). However, our experiments demonstrate that transmission does not always depend on within-host density, a common assumption in metacommunity models 299 (Leibold et al. 2004 ). In addition, it is clear from our results that nutrients can mediate pathogen-300 pathogen interactions through more mechanisms than only resource competition. Building on 301 existing theories of pathogen-pathogen resource competition (e.g., Smith and Holt 1996) to 302 include facilitation and immune-mediated interactions would improve predictions about multi-303 pathogen infections. For example, models that predict interactions among cross-feeding microbes 304 
